Background: Bedtime ingestion of slow-release carbohydrates leads to sustained nocturnal fatty acid suppression and improved glucose tolerance in type 2 diabetic patients. Objective: This study assessed the effects of 2 different doses of bedtime carbohydrate supplement (BCS) on morning glycemic control and glycated hemoglobin (Hb A 1c ) in type 2 diabetic patients. In addition, the effects of the high-dose BCS on insulin sensitivity and postprandial glucose and triacylglycerol concentrations were assessed. Design: Two BCS doses were studied separately in 7-wk randomized, placebo-controlled, double-blind studies with either a parallel (low-dose BCS; n = 24 patients) or crossover (high-dose BCS; n = 14 patients) design. The effects of the low and high doses (0.30 and 0.55 g uncooked cornstarch/kg body wt, respectively) were compared with those of a starch-free placebo. Results: Compared with the starch-free placebo, the high-dose BCS (Ϸ45 g) produced enhanced nocturnal glucose (P < 0.01) and insulin (P < 0.01) concentrations as well as a 32% suppression of fatty acid concentrations (P < 0.01). Moreover, glucose tolerance (P < 0.05) and C-peptide response (P < 0.05) improved after breakfast the next morning. The low-dose BCS (Ϸ25 g) improved fasting blood glucose concentrations (P < 0.05). However, there were no improvements in insulin sensitivity, postprandial triacylglycerol concentrations, or Hb A 1c after 7 wk. Conclusion: Nocturnal fatty acid suppression by BCS improved fasting and postprandial blood glucose concentrations in type 2 diabetic patients the next morning. In contrast, no improvements in insulin sensitivity, postprandial triacylglycerol concentrations, or long-term glycemic control assessed by Hb A 1c were seen after BCS supplementation.
INTRODUCTION
Type 2 diabetic patients experience important diurnal changes in insulin sensitivity, with insulin resistance being more pronounced in the morning than in the afternoon (1) (2) (3) . This, combined with a decreased ␤ cell response (2) , leads to elevated systemic glucose production in the morning (3) . Insulin exerts a signaling effect to suppress the systemic glucose output, and this effect appears to be exerted mainly through the suppression of plasma fatty acid concentrations (4) (5) (6) . Fatty acids (7, 8) and insulin (9) also play an important role in hepatic lipoprotein secretion. Hence, both triacylglycerol and glucose concentrations seem to be closely linked to plasma fatty acid concentrations. Because nocturnal concentrations of plasma fatty acids are elevated in type 2 diabetic individuals (10) , control of nocturnal lipolysis may improve both glucose and triacylglycerol metabolism in type 2 diabetes, as also supported by short-term experiments with the nicotinic acid analog acipimox (11) (12) (13) .
Uncooked cornstarch, a source of slowly releasable dietary carbohydrates as measured in vivo (14) and in vitro (15) , elicits a low blood glucose peak, yet it produces an elevated blood glucose concentration for Ϸ7 h in patients with glycogen storage disease (16) (17) (18) and type 1 diabetes (19) . We showed that ingestion of a bedtime carbohydrate supplement (BCS; 100 g uncooked cornstarch) for 2 d was associated with a marked and sustained suppression of nocturnal fatty acid concentrations in type 2 diabetic patients (20) . We also showed, for the first time, improved glucose tolerance after breakfast on the morning subsequent to bedtime ingestion of uncooked starch, which is consistent with an overnight second-meal effect in type 2 diabetes (20) . However, we also observed that the large dose of BCS resulted in excessive nocturnal blood glucose concentrations in these patients. The effects of nocturnal fatty acid suppression on postprandial triacylglycerol concentrations were not assessed.
In the present study, we examined the effects of an individually titrated BCS dose on insulin sensitivity, postprandial triacylglycerol concentrations, and glycemic control in type 2
Suppression of nocturnal fatty acid concentrations by bedtime carbohydrate supplement in type 2 diabetes: effects on insulin sensitivity, lipids, and glycemic control diabetic patients. Because this dose was a larger bedtime snack than that normally consumed by these patients, we also studied the effects of a smaller dose on fasting blood glucose control and glycated hemoglobin (Hb A 1c ).
SUBJECTS AND METHODS

Subjects
Patients with type 2 diabetes were recruited by advertisement in a local newspaper and gave informed consent to the protocol, which was approved by the Ethical Committee of Göteborg University. At entry to the study (baseline), diabetes therapy consisted of diet alone or diet combined with oral medication, which remained unchanged during the study. None of the patients were receiving combination therapy (ie, multiple oral diabetes medications). Swedish dietary guidelines prescribe 55% of energy from carbohydrates, 30% from fat, and 15% from protein. The patients were asked to not modify their regular diet or exercise habits during the study.
High-dose study
In 14 patients with type 2 diabetes, the effects of a high dose of BCS (0.55 g uncooked cornstarch/kg body wt) were studied in a randomized, placebo-controlled, double-blind, crossover fashion. The exclusion criteria were 1) fasting blood glucose > 12.0 mmol/L, 2) glycated Hb A 1c > 0.10 (reference range: 0.033-0.053) and, 3) treatment with insulin. Characteristics of the patients at baseline, including the type of treatment they were receiving, are shown in Table 1 .
The study lasted from September to April. There were 2 periods, each of which lasted 7 wk and was separated by an 11-wk washout period (from December to February). The BCS and placebo were consumed at 2200, were premixed and provided in jars, and had identical appearances; the granular texture of raw cornstarch was well masked. For active treatment, the patients received daily 0.55 g BCS (uncooked cornstarch)/kg body wt providing 8.4 J/kg (CPC Foods AB, Kristianstad, Sweden) dissolved in low-sugar fruit juice (1.7 J/kg body wt). The placebo contained an equal amount of low-sugar fruit juice as well as white foodcoloring and thickening agents (citrus pectin, 0.033 g/kg body wt). The placebo and BCS provided 0.59 and 0.10 g carbohydrate/kg body wt, respectively, according to national food tables.
Metabolic investigations were conducted at baseline and after each supplement period. The patients adhered to an individually standardized menu and abstained from alcohol and physical activity for 24 h preceding each investigation. Changes in Hb A 1c and body weight after 7 wk were recorded.
Insulin sensitivity was assessed by the euglycemic hyperinsulinemic clamp technique, as described previously (21) , with an insulin infusion rate of 1.0 mU · kg Ϫ1 · min Ϫ1 and a clamped glucose concentration of 6 mmol/L for a total of 120 min. The average glucose infusion rate during the final 30 min of steady state was used to estimate the glucose infusion rate. Lean body mass was calculated from total-body 40 K determined in a whole-body counter (22) . Insulin sensitivity is expressed as glucose infusion rate/lean body mass (mg · min Ϫ1 · kg Ϫ1 ). The investigations also included an overnight study and a glucose tolerance test after breakfast on the following morning. Arterialized blood samples were collected from a heated forearm at Ϫ10 and 0 min (2200). The BCS and placebo supplement were consumed at 2205. Blood samples were drawn every 0.5 h for 2 h (2200-2400), every 2 h for 6 h (0000-0600), and then every 0.5 h for 7 h (0600-1300). In the morning, the patients took their regular diabetes medication at 0630 and a fat-rich breakfast was served at 0700. The breakfast was designed to produce a clear rise in serum triacylglycerol and consisted of a sandwich of white bread with margarine, lettuce, tomatoes, cheese, and ham and a cup of hot chocolate with cream. The breakfast provided 3.86 MJ, of which 33 g (14%) was from protein, 51 g (49%) was from fat, and 83 g (36%) was from carbohydrate (23) . The amount of saturated, monounsaturated, and polyunsaturated fat in the meal was 30, 15, and 3 g, respectively; the ratio of polyunsaturated to saturated fat was 0.1. The postprandial blood glucose concentration was assessed every 30 min and insulin, fatty acid, lactate, and lipid concentrations were assessed every hour for 6 h. C-peptide concentrations were measured before and 1 and 2 h after the meal.
Low-dose study
In another group of 24 patients with type 2 diabetes, the effects of a low dose of BCS (0.30 g uncooked cornstarch/kg body wt) were studied in a randomized, placebo-controlled, double-blind, parallel fashion with 12 patients in each group. Each patient was individually matched with another patient for sex, fasting blood glucose concentration, Hb A 1c , and body mass index (in kg/m 2 ). Because the ability of the pancreas to release insulin is critical for achieving improved glycemic control, the effects of the low-dose BCS were studied in patients with well-controlled diabetes who did not require treatment with sulfonylurea. Hence, the exclusion criteria were 1) fasting blood glucose > 10.0 mmol/L, 2) Hb A 1c > 0.08, and 3) treatment with insulin or sulfonylurea. Two patients in each group were treated with ␤-blocking agents. Characteristics of the patients at baseline, including the type of treatment they were receiving, are shown in Table 1 .
Each pair of patients was randomly stratified to receive either the placebo or BCS. One patient was entered into the study within a week of the other to exclude seasonal effects on blood glucose control. The design was similar to that of the high-dose study. Treatment periods lasted 7 wk and the supplements were consumed at Ϸ2200. The placebo and BCS were prepared in a fashion similar to that for the high-dose study. However, the BCS dose was less, 0.30 g uncooked cornstarch/kg body wt (4.2 J/kg body wt), as were the doses of lowsugar fruit juice (0.9 J/kg body wt) and pectin (0.018 g/kg body wt). The BCS and placebo provided 0.33 and 0.06 g carbohydrate/kg body wt, respectively.
The patients, who had fasted since 2200 the previous evening, came to the laboratory at 0800 for venous blood sampling. Treatment effects were assessed as the change in fasting blood glucose, insulin, lactate, fatty acids, and Hb A 1c after 4 and 7 wk. Change in body weight was assessed after 7 wk. Nocturnal metabolic control, insulin sensitivity, and glucose tolerance after breakfast were not investigated in this part of the study.
Blood chemistry
Hb A 1c was analyzed by using an automated HPLC method. Blood glucose and lactate were measured with an automatic glucose analyzer (Yellow Springs Instruments, Yellow Springs, OH). Plasma insulin was determined by radioimmunochemical analysis (Pharmacia Insulin RIA; Pharmacia AB, Uppsala, Sweden). C-peptide concentrations (reference range:
were determined with immunoenzymometric analysis (Dako Diagnostics Ltd, Cambridgeshire, United Kingdom). Plasma fatty acid concentrations were determined with an enzymatic colorimetric method (Wako Chemicals GmbH, Neuss, Germany). Serum triacylglycerol and cholesterol were determined with an automated Cobas Mira analyzer (Hoffmann-La Roche, Basel, Switzerland) with enzymatic methods. The concentration of HDL cholesterol was measured by the phosphotungstic acid-magnesium chloride precipitation method.
STATISTICAL ANALYSES
Data are presented as means ± SEs unless otherwise stated. The incremental area under the curve (IAUC) above baseline or the area under the curve (AUC) above zero were calculated according to the trapezium rule (24) . Treatment effects were calculated as the individual differences between the responses to the BCS and placebo supplement (ie, ⌬BCS Ϫ ⌬placebo); statistical significance was evaluated with the nonparametric one-sample sign test (25) . Significant differences between baseline and postsupplement values and unpaired comparisons between subgroups in the high-dose study were calculated with Wilcoxon's paired rank-sum test and the Mann-Whitney U test, respectively. In the low-dose study, significant differences between baseline and postsupplement values between matched pairs were calculated with Wilcoxon's paired rank-sum test. A factorial analysis of the effect of supplement order on Hb A 1c was performed with one-way analysis of variance within groups. Linear relations were determined by simple and multiple regression analyses. All tests were two-tailed and a P value < 0.05 was considered statistically significant.
RESULTS
Compliance, assessed by counting leftover supplement jars and interviewing the subjects, was ≥ 90%. No gastrointestinal side effects were reported.
High-dose study
There was no significant change in body weight (0.4 ± 0.3 kg) during the 7 wk of treatment. After the study, only 2 subjects correctly estimated the treatment order, whereas one subject made a false estimation. All other subjects reported that they could not distinguish between the supplements. Hb A 1c values tended to be elevated after the washout period compared with baseline, but this effect was independent of treatment order (P = 0.83).
Nocturnal and postprandial metabolic variables
Consumption of the BCS was associated with an increase in the blood glucose concentration of 2.1 ± 0.4 mmol/L between 0200 and 0700 (P < 0.01; Figure 1 ). While the early morning glucose concentration was continuously decreasing until 0700 after the BCS, there was a significant rise from the nocturnal nadir to 0700 ["dawn phenomenon" (1)] both at baseline (0.7 ± 0.2 mmol/L; P < 0.001) and after the placebo (0.8 ± 0.2 mmol/L; P < 0.001). The insulin concentration increased by 30.6 ± 9.6 pmol/L (5.1 ± 1.6 mU/L) between 0200 and 0700 after the BCS (P < 0.01) and was associated with a 32% suppression of nocturnal fatty acid concentrations (P < 0.01; Figure 1 ). The observed increased nocturnal glucose metabolism after the BCS supplement was mirrored by 20% higher lactate concentrations (P < 0.01).
The fasting fatty acid concentration remained significantly suppressed (by 30%) after the BCS (P < 0.05; Figure 1 ). Fasting blood glucose and plasma insulin concentrations were not significantly different. Despite a tendency for the fasting blood glucose concentration to increase after the high-dose BCS, the 6-h postprandial IAUC for glucose was 36% lower (P < 0.05; Figure 1 ). Insulin secretion, measured as postprandial C-peptide concentrations, increased by 40% after the BCS (P < 0.05; Table 2 ). However, fasting and postprandial triacylglycerol concentrations, expressed as the IAUC or AUC, were not significantly affected by the BCS (Figure 2) . Fasting and postprandial concentrations of total cholesterol, HDL-cholesterol, apolipoprotein (apo) B, and apo A concentrations were not significantly different from placebo (data not shown).
Long-term glycemic control
There were no significant changes in Hb A 1c values after 7 wk of the BCS. Hb A 1c decreased by 0.002-0.007 (0.004 ± 0.001) in 6 subjects, increased by 0.001-0.013 (0.005 ± 0.002) in 7 subjects, and did not change in 1 subject. Multiple regression analysis showed that the changes in nocturnal insulin and fasting blood glucose concentrations were independent determinants of the effect of BCS on Hb A 1c ( Table 3) . Individual changes in fasting triacylglycerol were, in turn, positively and linearly related to the change in Hb A 1c (r = 0.57, P < 0.05).
Insulin sensitivity
There were no significant differences in glucose, insulin, fatty acid, or lactate concentrations at baseline or at steady state conditions during the euglycemic clamp (data not shown) between groups. There was no significant effect of BCS on insulin sensitivity (Ϫ0.2 ± 0.2 mg · min Ϫ1 · kg Ϫ1 ).
Low-dose study
The change in body weight after 7 wk did not differ significantly (0.0 ± 0.5 compared with 0.8 ± 0.3 kg in the BCS and placebo periods, respectively). In this study, 5 patients correctly estimated whether they had received the BCS or placebo treatment, whereas 3 patients made a false estimate.
Fasting metabolic variables
Fasting metabolic variables at baseline and changes after 4 and 7 wk of BCS or placebo treatment are shown in Table 4 . The low-dose BCS was associated with significantly lower fasting blood glucose concentrations compared with the placebo supplement after both 4 and 7 wk by an average of 0.8 ± 0.4 (P < 0.05) and 0.9 ± 0.4 (P < 0.05) mmol/L, respectively. Other fasting metabolic variables were not significantly different.
Long-term glycemic control
Hb A 1c values were stable and not significantly different in the 2 supplement periods (Table 4) . Hb A 1c values were significantly lower by 0.002-0.01 (x -: 0.005) after the BCS than after the placebo in 6 of the subject pairs, significantly higher by 0.001-0.006 (x -: 0.004) in 5 of the subject pairs, and not significantly different in 1 of the subject pairs.
DISCUSSION
We reported previously that a high dose of uncooked cornstarch (100 g) ingested at bedtime for 2 d increased nocturnal glucose and insulin concentrations and decreased plasma fatty acid concentrations (20) . These effects were associated with improved blood glucose tolerance after a standardized breakfast, a so-called second-meal effect. The pivotal role of the slow-release profile of the uncooked cornstarch in eliciting this effect is supported by the finding that the same effect is not obtained with similar amounts of white bread (15) . These initial findings were extended by the present study, in which 2 smaller doses of BCS were used to produce minor elevations in nocturnal blood glucose concentrations. It is clear that the higher BCS dose (0.55 g/kg body wt) ingested at 2200 was sufficient to reduce nocturnal fatty acid concentrations and maintain this
TABLE 2
Fasting and postprandial C-peptide concentrations before and after ingestion of a high dose of bedtime carbohydrate supplement (BCS) or placebo for 7 wk in type 2 diabetic patients
x -± SE; n = 10. The high-dose BCS was 0.55 g uncooked cornstarch/kg body wt.
2 ⌬BCS Ϫ ⌬placebo. 3 P = 0.0215 FIGURE 1. Mean (± SE) nocturnal and morning postprandial glucose, insulin, and fatty acid (FA) concentrations at baseline (᭺) and after ingestion at 2200 of a starch-free placebo (ᮀ) or a high dose of bedtime carbohydrate supplement (0.55 g uncooked cornstarch/kg body wt) (᭹). There was a significant treatment effect on the area under the curve for glucose, insulin, and FAs (0200-0700) and for the incremental area under the curve for glucose (0700-1300).
reduction (Ϸ30%) to 0700, a common breakfast time. Moreover, we also showed for the first time a favorable effect of the low BCS dose (0.30 g/kg body wt) on fasting blood glucose concentrations in patients with mild type 2 diabetes. Hence, the overnight second-meal effect may only require modest amounts (< 25 g) of slow-release carbohydrates at bedtime in patients with mild type 2 diabetes.
Several factors influence triacylglycerol concentrations in the postabsorptive and postprandial states. Fatty acids, for instance, are the main substrate for VLDL-triacylglycerol synthesis (7, 26) and they stimulate apo B secretion from the liver (8) . The reduction in fatty acid concentrations by the antilipolytic agent acipimox (12, 27) and the reduction in fatty acid oxidation by the antilipolytic agent etomoxir (28) lead to improved triacylglycerol concentrations in type 2 diabetic patients. Insulin, in contrast, inhibits hepatic VLDL output and apo B production (9, 29, 30) during hyperinsulinemic euglycemic clamp conditions, even if this effect is decreased in type 2 diabetes (8, 9, 31) . Moreover, improved insulin sensitivity by, for instance, metformin improves postprandial triacylglycerol concentrations (32) . In contrast, carbohydrate-induced hyperinsulinemia in type 2 diabetes leads to an accentuated postprandial output of VLDL triacylglycerol (33, 34) . In the present study, the balanced effect of carbohydrate-induced hyperinsulinemia on fasting and postprandial triacylglycerol concentrations, when combined with a marked decrease in nocturnal fatty acid concentrations, was indistinguishable from the placebo effect. This may have been due to the choice of a fatrich breakfast, which predominantly reflects chylomicron concentrations. Alternatively, the fact that insulin resistance was not alleviated by the slow-release BCS might explain why the BCS had no significant effect on postprandial triacylglycerol concentrations.
In line with our previous findings (15, 20) , glucose tolerance after breakfast, measured as the absolute increase in glucose concentrations, improved after the BCS (by 36%), consistent with an overnight second-meal effect (35) . However, this effect was obscured by the fact that there was a nonsignificant tendency for higher fasting glucose concentrations after the highdose BCS (Figure 1) .
It is clear from the present results that the second-meal effect after BCS ingestion was not due to alleviation of peripheral insulin resistance. Possible mechanisms for the improved glucose tolerance include improved pancreatic insulin release and decreased hepatic glucose output. Elevated fatty acid concentrations can exert a lipotoxic effect on pancreatic insulin release (36, 37) . The fact that BCS ingestion enhanced postprandial C-peptide concentrations supports the possibility of improved pancreatic insulin release (Table 2) . Thus, an increased release of insulin after breakfast may, at least in part, explain the overnight second-meal effect. Unfortunately, glucose output was not assessed with the clamp protocol.
Long-term glycemic control, determined on the basis of Hb A 1c values, did not improve after 7 wk of BCS ingestion. This finding suggests that the second-meal effect of BCS was too short or too small to compensate for the excess carbohydrate intake. However, because diabetic patients have impaired pancreatic insulin secretion, it can be speculated that BCS may be more appropriate in obese people with impaired glucose tolerance who frequently have normal or high insulin concentrations and high fatty acid concentrations (38, 39) .
The finding that the nocturnal serum insulin concentration was an independent determinant of Hb A 1c values is a new observation, suggesting that nocturnal insulinopenia, rather than hyperinsulinemia, is responsible for poor glycemic control (Table 3) . Furthermore, recent evidence clearly indicates that the inhibitory effect of insulin on glucose production is indirect and mediated through a reduction in fatty acid concentrations (4, 6) . Whether BCS would prevent or delay the development of manifest diabetes by enhanced insulin concentrations and lowered fatty acid concentrations in subjects with impaired glucose tolerance is, thus, an intriguing possibility worthy of study.
In summary, BCS ingestion by type 2 diabetic patients increased nocturnal insulin and reduced fatty acid concentrations. These effects were associated with improved fasting blood glucose concentrations and improved glucose tolerance and C-peptide responses after a fat-rich breakfast the next morning. However, postprandial triacylglycerol concentrations were not improved, possibly because insulin resistance was not alleviated by BCS ingestion. Further studies are warranted to test the effects of BCS ingestion in patients with impaired glucose tolerance and to see whether the progression of the disease can be delayed.
